Angiogenesis is a critical step required for sustained tumor growth and tumor progression. The stimulation of endothelial cells by cytokines secreted by tumor cells such as vascular endothelial growth factor (VEGF) induces their proliferation and migration. This is a prominent feature of high-grade gliomas. The secretion of VEGF is greatly upregulated under conditions of hypoxia because of the transcription factor hypoxiainducible factor (HIF)-1␣, which controls the expression of many genes, allowing rapid adaptation of cells to their hypoxic microenvironment. Flavopiridol, a novel cyclin-dependent kinase inhibitor, has been attributed with antiangiogenic properties in some cancer cell lines by its ability to inhibit VEGF production. Here, we show that fl avopiridol treatment of human U87MG and T98G glioma cell lines decreases hypoxia-mediated HIF-1␣ expression, VEGF secretion, and tumor cell migration. These in vitro results correlate with reduced vascularity of intracranial syngeneic GL261 gliomas from animals treated with fl avopiridol. In addition, we show that fl avopiridol downregulates HIF-1␣ expression in the presence of a proteasome inhibitor, an agent that normally results in the accumulation and overexpression of HIF-1␣. The potential to downregulate HIF-1␣ expression with fl avopiridol treatment in combination with a proteasome inhibitor makes this an extremely attractive anticancer treatment strategy for tumors with high angiogenic activity, such as gliomas. Neuro-Oncology 7, 225-235, 2005 (Posted to Neuro-Oncology [serial online], Doc. 04-099, June 1, 2005 
angiogenic solid tumors known and among the most invasive (Eberhard et al., 2000) . A universal characteristic of solid tumors is hypoxia due to limited diffusion of O 2 (Brown and Giaccia, 1998) . Hypoxia is associated with resistance to cancer therapy (chemotherapy and radiation) (Unruh et al., 2003) . Hypoxia-inducible factor-1 (HIF-1) 3 is a heterodimeric transcription factor that regulates O 2 homeostasis in response to changes in levels of O 2 (Guillemin and Krasnow, 1997; Semenza, 1999; Wang et al., 1995) . It consists of two subunits, HIF-1␣ and HIF-1␤. The molecular pathway leading from the sensing of hypoxia to the activation of HIF-1 is critically dependent on the relative abundance and stabilization of the HIF-1␣ subunit (Huang et al., 1996; Jiang et al., 1996) . The halflife of the HIF-1␣ protein is extremely short in normoxic conditions but is markedly prolonged during hypoxic stimulation because its normal degradation by the proteasome no longer occurs in hypoxic conditions (Huang et al., 1998; Kallio et al., 1999; Salceda and Caro, 1997) . HIF-1 upregulates the expression of many genes that contain hypoxic responsive promoter elements, such as vascular endothelial growth factor (VEGF), a highly potent cytokine known to promote angiogenesis (Carmeliet et al., 1998; Forsythe et al., 1996) .
Previously, we studied the expression of the HIF-1␣ subunit in gliomas in relation to the extent of neovascularization (Zagzag et al., 2000) . The pattern of VEGF expression reported in glioma is remarkably similar to the pattern of HIF-1␣ expression we have described (Shweiki et al., 1992) . The most striking similarity involves pseudopalisading cells around areas of necrosis that are known to express VEGF (Damert et al., 1997) . The co-localization of HIF-1␣ with VEGF expression within glioma suggested a distinct pathway for angiogenesis mediated by VEGF. HIF-1␣ was highly expressed in areas of tumor adjacent to necrosis, the pseudopalisading cells of glioma, suggesting that the pattern of expression in glioma is modulated by tumor oxygenation. HIF-1 has been shown to regulate VEGF expression both in cultured cells and in tumors (Iyer et al., 1998; Jiang et al., 1997; Maxwell et al., 1997; Ravi et al., 2000) . Thus, it is likely that hypoxia induces HIF-1␣ expression in glioma, which activates VEGF gene transcription, leading to increased VEGF production and angiogenic activity.
A cardinal feature of gliomas and a major reason for the failure of neurosurgical and adjunctive therapies is their invasive properties. We have observed strong HIF-1␣ expression in invading glioma cells at the edge of gliomas that implied a role in invasion (Zagzag et al., 2000) . Recently, we showed that geldanamycin, an inhibitor of heat shock protein 90 function, interfered with the hypoxia-mediated induction of HIF-1␣ concomitant with inhibition of glioma cell migration (Zagzag et al., 2003) . Indeed, others have reported an association between hypoxia and HIF-1␣ overexpression and cell migration (Brat et al., 2004; Krishnamachary et al., 2003) . For example, hypoxia or overexpression of HIF-1␣ induced invasion of HCT116 colon carcinoma cells, which could be inhibited by small interfering RNA targeting HIF-1␣ (Krishnamachary et al., 2003) . Importantly, exposure to hypoxia stimulated migration of human glioma cell lines as compared with normoxia (Brat et al., 2004) . The proteolytic activity of membrane type 1 matrix metalloproteinase (MT1-MMP) and that of MMP-2 have been shown to play critical roles in the degradation of extracellular matrix (ECM) proteins that would promote cell invasion (Ellerbroek et al., 2001; Hotary et al., 2000; Koshikawa et al., 2000) . Overexpression of VEGF has been correlated with upregulation of MT1-MMP and the MMP-2 and MMP-9 in human gliomas (Munaut et al., 2003) . Inducing overexpression of MT1-MMP in transfected glioma U251 cells produced aggressive tumor growth in vivo concomitant with elevated levels of angiogenesis associated with increased production of VEGF (Deryugina et al., 2002) . Thus, controlling HIF-1␣ expression could not only limit the angiogenic response of endothelial cells to increased levels of VEGF in the tumor microenvironment and decrease tumor vascularization but also limit tumor cell invasion.
Flavopiridol, a synthetic fl avone with potent cyclindependent kinase activity, has shown promise in several clinical trials of human cancers (Newcomb, 2004; Senderowicz, 2003) . Previously, we studied the effect of fl avopiridol treatment on human glioma U87MG and T98G cell lines and showed that it induced apoptosis and reduced expression of key cell cycle regulators, independently of retinoblastoma and p53 tumor suppressor alterations (Alonso et al., 2003) . More recently, induction of VEGF production in human monocytes or in human neuroblastoma cell lines by inducers of HIF-1␣ expression such as hypoxia (1% O 2 ) or an iron-chelating agent (desferrioxamine) was inhibited by fl avopiridol treatment (Melillo et al., 1999; Rapella et al., 2002) . The mechanism of action of fl avopiridol inhibition of VEGF production was the decreased expression of HIF-1␣. Thus, flavopiridol can inhibit the hypoxia-mediated induction of HIF-1␣, which in turn prevents the production of VEGF under a variety of conditions and in different cell types.
Here we demonstrate that fl avopiridol treatment of human glioma U87MG and T98G cell lines decreases hypoxia-mediated HIF-1␣ expression, VEGF secretion, and tumor cell migration. These in vitro results correlate with reduced vascularity of intracranial syngeneic GL261 gliomas from animals treated with fl avopiridol. In addition, we show that fl avopiridol downregulates HIF-1␣ expression in the presence of a proteasome inhibitor, an agent that normally results in the accumulation and overexpression of HIF-1␣. The potential to downregulate HIF-1␣ expression with fl avopiridol treatment in combination with a proteasome inhibitor makes this an extremely attractive anticancer treatment strategy for tumors with high angiogenic activity, such as gliomas.
Materials and Methods

Cells and Reagents
Human glioma U87MG and T98G cell lines were obtained from the American Type Culture Collection (Ravi et al., 2000; Zundel et al., 2000) , we selected glioma cell lines on the basis of their differences in p53 (U87MG, wild type; T98G, mutant) and PTEN (U87MG, deletion exon 3; T98G, point mutation codon 42 status) (Ishii et al., 1999) . Cell lines were cultured in 5% CO 2 and 95% humidifi ed air atmosphere at 37°C in Dulbecco's Modifi ed Eagle Medium (DMEM) (Gibco BRL, Grand Island, N.Y.). The medium was supplemented with 10% fetal bovine serum (FBS) (Atlanta Biologicals, Norcross, Ga.), 1% penicillin and streptomycin, and 2 mM glutamine (Gibco BRL). Cells were split every three days to ensure logarithmic growth. Flavopiridol (Aventis Pharmaceuticals, Bridgewater, N.J.) was dissolved in water, and stock solution (4 mg/ml) was stored at -20ºC. HIF-1␣ expression can be stabilized in cells under normoxic conditions by using hypoxia mimetics such as CoCl 2 (Chan et al., 2002; Zagzag et al., 2000) . CoCl 2 (SigmaAldrich, St. Louis, Mo.) was prepared fresh in water for use at a fi nal concentration of 125 M. The 26S proteasome inhibitor MG-262 (Biomol, Plymouth Meeting, Pa.) was dissolved in dimethyl sulfoxide, and stock solution (500 M) was stored at -20ºC.
Experimental Culture Conditions with CoCl 2 and Proteasome Inhibitor
Cells (2 ϫ 10 6 ) were seeded in 10-cm dishes in 10 ml of complete growth medium for 24 h. To investigate HIF-1␣ expression, normoxic cells were cultured with 125 M of CoCl 2 for 5 h, alone or together with 300 nM fl avopiridol or 500 nM MG-262. After incubation for 5 h, cells were harvested from each culture condition by washing three times with cold phosphate-buffered saline (PBS), and the cells were scraped into radioimmunoprecipitation buffer (400 l/plate). Lysates were incubated on ice for 1 h, clarifi ed by centrifugation for 1 h at 4ºC at 16,000 rpm, and stored at -80ºC until quantifi cation for protein.
Western Blot Analysis
Cells were lysed in radioimmunoprecipitation buffer (150 mM of NaCl, 1% Nonidet P-40 [Roche Applied Sciences, Indianapolis, Ind.], 1% deoxycholate, 0.1% sodium dodecyl sulfate [SDS] , 10 mM Tris-HCl, pH 8.0, 1 mM EDTA, pH 8.0) supplemented with protease inhibitors (1 mM phenyl methyl sulfonyl fl uoride, 0.2 mM sodium orthovanadate, and 1 g/ml aprotinin). Quantitation of protein was carried out with the bicinchoninic acid reagent (Pierce Biotechnology Inc., Rockford, Ill.). Equal amounts of protein (30 g) in the presence of 5% ␤-mercaptoethanol (Sigma-Aldrich) were electrophoresed on 7.5% SDS-PAGE gels and subsequently transferred to Immobilon-P membranes (Millipore, Bedford, Mass.) by electroblotting at 4ºC at 33 V overnight. Western blot analysis was performed as described (Alonso et al., 2003) 
Isolation and Analysis of RNA
Total RNA was isolated from monolayers of U87MG cells by using the RNAeasy kit (Qiagen Inc., Valencia, Calif.) according to the manufacturer's directions. RNA was quantitated by absorbance at 260 nm. For reverse transcription, 2 g of total RNA was reversetranscribed by using Super Script II RNase H reverse transcriptase (Invitrogen, Carlsbad, Calif.) and random hexamer primers (Invitrogen) at 25°C for 10 min and 42°C for 1 h for cDNA synthesis; 1 l of the reverse transcription product was used as a template for polymerase chain reaction (PCR) amplifi cations. PCR was performed under standard conditions in a 50-l reaction mix containing 1ϫ PCR buffer, 1 unit of Platinum Taq polymerase (Invitrogen), 200 M of deoxynucleoside triphosphate mix, 1.5 mM of MgCl 2 , 200 nM of HIF-1␣ primers (5-GTCGGACAGCCTCAC-CAAACAGAGC-3‚-sense, 5-GTTAACTTGATC-CAAAGCTCTGAG-3‚-antisense) or 30 nM of ␤-actin primers (5-GTACCACTGGCATCGTGATGGACT-3‚-sense, 5-ATCCACACGGAGTACTTGCGCTCA-3‚-antisense). The PCR conditions consisted of 3 min of an initial denaturation step (95°C) followed by 23 cycles of denaturation (95°C, 30 s), annealing (55°C, 30 s), and extension (72°C, 50 s), followed by a fi nal elongation step of 7 min at 72°C. Next, 20 l of PCR product was analyzed on 3% agarose gels stained with ethidium bromide. Four independent experiments were performed. Samples in each PCR assay were run in duplicate, and each assay was repeated at least once, with similar results. Quantitation of bands was performed with the BioRad Fluor-S apparatus (BioRad) with Quantity One (version 4.2.1) software. Data from four independent experiments were pooled for statistical analysis.
VEGF Quantifi cation
VEGF protein released into the conditioned medium was measured by using a commercial enzyme-linked immunosorbent assay (ELISA) kit (R & D Systems, Minneapolis, Minn.) according to the manufacturer's instructions. Cells (5 ϫ 10 5 ) were seeded in 6-well plates in 2 ml of complete growth medium. After 24 h, the cells were washed twice with PBS and preconditioned for 1 h at 37°C in 1 ml of DMEM containing 2% FBS. The pre- conditioned medium was replaced with 1 ml DMEM containing 2% FBS alone or with 125 M CoCl 2 in the absence or presence of 300 nM of fl avopiridol. After a 24-h incubation to allow VEGF protein secretion under the various culture conditions, medium was collected and 1 mM of phenyl methyl sulfonyl fl uoride was added. The supernatant was clarifi ed by centrifugation for 5 min at 16,000 rpm, aliquoted, and stored at -80°C until quantifi cation for VEGF. The assay was run in triplicate and repeated three times with similar results. Data from three independent experiments were pooled for statistical analysis.
Migration Assay
BD Biocoat chambers (catalog #354578, BD Bioscience Discovery Labware, Bedford, Mass.) with 8-m pore size polycarbonate fi lter inserts for 24-well plates were used according to the manufacturer's instructions and as described (Zagzag et al., 2002) . Briefl y, cells (2 ϫ 10 4 ) in 500 l of DMEM medium with 10% FBS were seeded onto the upper compartment of each chamber and placed into wells containing 750 l of complete medium. Cells were allowed to adhere for 1.5 h, when the medium in the upper chamber was replaced with complete medium alone or with 125 M CoCl 2 in the absence or presence of 300 nM fl avopiridol. The migration chambers were incubated for 24 h in 5% CO 2 and 95% humidifi ed air atmosphere at 37°C to allow cells to migrate through the membrane. Following incubation, the inserts were fi xed in absolute methanol for 2 min at room temperature and stained with 1% toluidine blue in 1% borax for 3 min. The cells on the upper surface of the insert were mechanically removed with a cotton-tipped swab. Quantitation of migrating cells on the lower surface of each fi lter was done by counting six random fi elds under a light microscope (fi nal magnifi cation ϫ100). Images were quantifi ed for number of cells/10ϫ fi eld by using NIH Image software (version 1.62). Each assay was performed in duplicate and repeated three times with similar results. The data from independent experiments were pooled for statistical analysis.
Gelatin Zymography
MMP-2 released into the conditioned medium was measured by gelatin zymography. Cells (5 ϫ 10 5 ) were seeded in 6-well plates in 2 ml complete growth medium for 24 h. Then cells were washed twice with PBS and incubated in 1 ml of serum-free DMEM for an additional 24 h in the absence or presence of 300 nM fl avopiridol. Medium was collected, clarifi ed of cellular debris by centrifugation for 5 min at 16,000 rpm, and stored at -80°C until analyzed. Samples (30 l) were mixed with 4ϫ SDS sample buffer without ␤-mercaptoethanol and electrophoresed on 7.5% SDS-PAGE gels containing 0.2% gelatin type B (Sigma-Aldrich). After electrophoresis, the gels were washed four times (15 min/wash) in 2.5% Triton-X-100 at room temperature to remove SDS and then incubated for 48 h at 37°C in development buffer (50 mM Tris-HCl, pH 7.6; 200 mM NaCl, 5 mM CaCl 2 , 0.02% Brij-35 [Universal Preserva-Chem, Inc., Edison, N.J.]). The gels were stained with 0.25% Coomassie brilliant blue R-250 (BioRad) in 40% methanol and 10% acetic acid for 6 h at room temperature and then destained overnight in 40% methanol and 10% acetic acid. Proteolytic activity for MMP-2 in the gel was visualized as clear white bands at 72 kDa against a blue background. Gels were photographed and quantifi ed by NIH Image software (version 1.62). The gelatinase standard (Chemicon International, Inc.) was used as a positive control for gelatin zymography. The data from three independent experiments were pooled for statistical analysis.
Analysis of Tumor Vascularity
The GL261 glioma cells were implanted into brains of C57BL/6 female mice as described previously . Animals received one cycle of treatment either with fl avopiridol or with vehicle on days 7 through 11 after tumor implantation and then were sacrifi ced on days 14, 21, or 28. At sacrifi ce the brains were removed and fi xed as described . Fixed brains were cut into coronal slabs at 0.2-to 0.3-cm intervals; the slabs were processed into paraffi n blocks, sectioned at 6 m, and stained with hematoxylin and eosin. To assess vascular density, new sections were stained by using standard avidin-biotin immunoperoxidase methods with anti-CD31 antibody (clone MEC13.3, BD Pharmingen, San Diego, Calif.) diluted 1:20. Briefly, tissue sections were first digested with alkaline endopeptidase (8 min at 37ºC) (Ventana Medical System, Tucson, Ariz.), and endogenous peroxidase activity was blocked with hydrogen peroxide (4 min). After washing, slides were incubated overnight with primary antibody at room temperature. Bound anti-CD31 was detected with biotinylated goat antimouse (BD Pharmingen) diluted 1:20 (32 min at 37ºC), followed by application of streptavidin-horseradish peroxidase conjugate.
Vascular density was scored with use of a multihead microscope by two neuropathologists (D.C.M., M.F.) who were blinded as to whether the slides were from animals treated with fl avopiridol or with vehicle alone. Tumor vascularity was scored semiquantitatively by consensus on an ascending scale (1ϩ, 2ϩ, 3ϩ, 4ϩ) in multiple 100ϫ and 400ϫ fi elds selected from the most vascularized portions of the tumors.
Statistical Analysis
Experiments were performed at least twice, and determinations were performed in replicates. Results are expressed as mean Ϯ standard error (SE). All analyses for the conditions being compared were performed by using a two-sided Student's t test for signifi cance (P Ͻ 0.05). All analyses used Stat View software (SAS Institute, Cary, N.C.).
Results
Flavopiridol Downregulates Hypoxia-Mediated HIF-1␣ Expression by a Proteasome-Independent Pathway
U87MG and T98G cells, grown under normoxic conditions, were or were not exposed to 125 M CoCl 2 for 5 h in the absence or presence of 300 nM fl avopiridol. Cells were harvested after 5 h, and lysates were immunoblotted to detect levels of HIF-1␣ expression. Results of a representative experiment are shown (Fig. 1) . Under normoxic culture conditions, U87MG or T98G cells showed baseline levels of HIF-1␣ expression. However, treatment with CoCl 2 upregulated HIF-1␣ expression approximately sixfold in U87MG cells or twofold in T98G cells as compared with the respective untreated control cultures (Fig. 1, lane 2 vs. 1) . Hypoxia mimetics, such as CoCl 2 , stabilize HIF-1 protein expression under normoxic conditions by inhibiting prolyl hydroxylation of the HIF-1␣ subunit, thereby preventing its ubiquitination and subsequent degradation by the proteasome (Chan et al., 2002) . Simultaneous addition of 300 nM fl avopiridol together with CoCl 2 to the cultures interfered with the ability of CoCl 2 to upregulate HIF-1␣ expression during the 5-h time interval (Fig. 1, lane  4 vs. 2) . The level of expression of HIF-1␣ in the presence of fl avopiridol was decreased approximately 80% in U87MG cells or 25% in T98G cells.
To investigate whether fl avopiridol treatment induced degradation of HIF-1␣ via the proteasome pathway, we tested the effect of the 26S proteasome inhibitor MG-262 on levels of HIF-1␣ expression in cells grown under normoxic conditions. The level of expression of HIF-1␣ in the presence of the proteasome inhibitor MG-262 was upregulated in both the U87MG and in T98G cells as compared with untreated control cultures (Fig. 1, lane 5 vs. 1). For T98G cells, accumulation of HIF-1␣ expression was markedly enhanced by treatment with the MG-262 proteasome inhibitor approximately elevenfold compared with CoCl 2 treatment alone (Fig. 1, lane 2 vs. 5 ). This may be explained by the fact that inhibitors of the prolyl hydroxylase enzyme, such as CoCl 2 , act upstream of the proteasome degradation step, whereas inhibitors of the proteasome, such as MG-262, act directly on the proteasome to prevent degradation of ubiquitinated proteins (Chan et al., 2002) . Regardless of the mechanism for HIF-1␣ protein accumulation, simultaneous addition of fl avopiridol with MG-262 decreased accumulation of HIF-1␣ in both U87MG and T98G cells, which resulted in Ͼ60% inhibition of HIF-1␣ protein expression (Fig.  1, lane 6 vs. 5). Thus, under two different conditions producing accumulation of HIF-1␣ protein due to posttranscriptional stabilization of the protein, fl avopiridol induced downregulation of HIF-␣ protein expression. Because fl avopiridol did not appear to target HIF-1␣ protein for proteasomal degradation, we considered whether fl avopiridol might be inducing downregulation of gene expression by preventing transcription of the HIF-1␣ gene.
Flavopiridol Downregulates HIF-1␣ Expression by Interfering with Gene Transcription
To investigate whether fl avopiridol downregulated HIF-1␣ expression through its known ability to inhibit gene transcription (Blagosklonny, 2004; Chao and Price, 2001; de Azevedo et al., 2002) , we next determined the effect of flavopiridol treatment on levels of HIF-1␣ mRNA expression. U87MG cells were grown under normoxia in the absence or presence of CoCl 2 and in the absence or presence of fl avopiridol, and total RNA was extracted from harvested cells for gene expression studies. Figure  2 shows representative results of one of four independent PCR assays together with relative expression levels of HIF-1␣ in each treatment group. Treatment with fl avopiridol decreased normoxic levels of HIF-1␣ mRNA by 24% (Fig. 2, lane 1 vs. 2), a signifi cant reduction in comparison with the untreated culture (P Ͻ 0.001). CoCl 2 treatment increased HIF-1␣ mRNA levels by 32% relative to the uninduced culture (Fig. 2, lane 1 vs. 3). However, simultaneous addition of 300 nM fl avopiridol together with CoCl 2 to the cultures signifi cantly decreased HIF-1␣ mRNA by Ͼ60% as compared with the culture treated with only CoCl 2 (Fig. 2, lane 3 vs. 4) (P Ͻ 0.001).
Previously, we reported that downregulation of MDM2 expression in U87MG cells by fl avopiridol was due to decreased levels of MDM2 mRNA by Northern analysis rather than changes in the half-life of the MDM2 protein (Alonso et al., 2003) . Similarly, we tested the effect of fl avopiridol treatment on the half-life of HIF-1␣ protein. U87MG cells were fi rst stimulated with CoCl 2 to induce upregulation of HIF-1␣ expression and subsequently incubated with the protein synthesis inhibitor cycloheximide. Inhibition of protein synthe- Fig. 1 . HIF-1␣ expression as a function of the presence of fl avopiridol. Results show that flavopiridol downregulates hypoxiamediated HIF-1␣ expression independently of the proteasome degradation pathway. U87MG and T98G cells that were or were not exposed to CoCl 2 or MG-262 in the absence or presence of fl avopiridol were harvested, and lysates were immunoblotted to detect levels of HIF-1␣ expression. The expression of ␤-actin was used as the loading control. Representative Western blot results are shown from one of three independent experiments. Protein bands were quantitated by densitometry. 
Flavopiridol Downregulates Hypoxia-Mediated Secretion of VEGF
Because increased HIF-1␣ expression promotes transcriptional activation of many target genes, one of which is VEGF (Forsythe et al., 1996) , we next wanted to determine the levels of VEGF expression that are associated with levels of HIF-1␣ expression under various treatment conditions. Thus, U87MG and T98G cells were or were not exposed to CoCl 2 in the absence or presence of fl avopiridol, and levels of VEGF protein secreted into the conditioned medium were measured by ELISA. The pooled results from three independent experiments are shown in Fig. 3 . Treatment of the U87MG and T98G cells with CoCl 2 induced a twofold increase in the level of VEGF secretion compared with untreated controls. Flavopiridol treatment signifi cantly inhibited CoCl 2 -stimulated levels of VEGF secretion (P Ͻ0.001). Decreased secretion of VEGF in flavopiridol-treated cultures was not due to loss of cell viability. Previously, we reported Ͼ90% viability of U87MG or T98G cells after 24 h of fl avopiridol treatment (Alonso et al., 2003) . Thus, fl avopiridol treatment downregulates HIF-1␣ protein expression (Fig. 1) , which is correlated with inhibition of VEGF secretion.
sis for 1 h greatly decreased HIF-1␣ expression, which was barely detectable after 2 h of treatment. The halflife of HIF-1␣ protein did not change in the presence of fl avopiridol (data not shown). Taken together, these results indicate that downregulation of HIF-1␣ expression by fl avopiridol is most likely due to inhibition of HIF-1␣ mRNA gene transcription. This is consistent with our previous results and those of others and is supported by the fact that fl avopiridol inhibits the activity of the transcriptional elongation factor P-TEFb, which is essential for gene transcription (Blagosklonny, 2004; Chao and Price, 2001; de Azevedo et al., 2002; Gojo et al., 2002) . 1 and 3) or in the presence (lanes 2 and 4) of 300 nM of fl avopiridol. Total RNA was extracted from harvested cells for gene expression studies. Levels of HIF-1␣ and ␤-actin gene expression were measured by using a semiquantitative RT-PCR assay. Samples in each PCR assay were run in duplicate and repeated at least once, with similar results. PCR products were analyzed on 3% agarose gels stained with ethidium bromide. DNA bands were quantitated by densitometry. Results of one representative PCR assay are shown from one of four independent experiments. Bar graphs represent data pooled from four independent experiments for statistical analysis comparing relative levels of HIF-1␣ expression in the different treatment groups. Error bars indicate the range of the determinations (mean ± SE). *P Ͻ 0.001, signifi cantly different from the respective control. 
Flavopiridol Inhibits Hypoxia-Mediated Glioma Cell Migration
Next we determined the effect of fl avopiridol treatment on cellular migration using BD Biocoat migration chambers (BD Biosciences, San Jose, Calif.). The U87MG and T98G cells were plated on the chamber inserts and allowed to adhere and spread on the insert surface prior to addition of CoCl 2 in the absence or presence of fl avopiridol. After an incubation for an additional 24 h, the number of cells that migrated through the membrane was quantitated. The pooled results from three independent experiments performed in triplicate are shown in Fig. 4 . CoCl 2 treatment stimulated migration of U87MG and T98G cells by 33% and 18%, respectively, compared with untreated control cultures. Flavopiridol treatment signifi cantly inhibited CoCl 2 -stimulated migration of U87MG and T98G cells (P Ͻ 0.001).
Flavopiridol Downregulates Secretion of MMP-2
Glioma tumors characterized by MMP-2 expression induce proteolysis of the surrounding ECM, favoring invasion (Deryugina et al., 2002; Munaut et al., 2003) . We therefore determined the effect of fl avopiridol treatment on the secretion of MMP-2. U87MG and T98G cells were grown in the absence or presence of fl avopiridol for 24 h, and the level of MMP-2 protein secreted into the conditioned medium was measured by gelatin zymography. Results are shown in Fig. 5 . The results of one representative gelatin zymography experiment are shown (Fig. 5A) together with the quantitative data pooled from three independent experiments (Fig. 5B) . Flavopiridol treatment decreased the secretion of MMP-2 signifi cantly compared with that of the untreated controls by approximately 40% to 50% (P Ͻ0.01).
Flavopiridol Decreases Tumor Vascularity
Because the in vitro studies conducted here showed fl avopiridol downregulated both HIF-1␣ and VEGF expression that might correlate with inhibition of angiogenic activity in vivo, we next determined whether fl avopiridol treatment infl uenced tumor vascularity in vivo. We recently tested fl avopiridol in an experimental intracranial animal model of GL261 murine glioma . We demonstrated that tumor volume at day 14 after one course of fl avopiridol showed a signifi cant decrease compared with the control treatment group . This effect disappeared by day 21. We immunostained the same tumors for CD31 to semiquantitate tumor vascularity. Animals received one cycle of treatment either with fl avopiridol or with vehicle on days 7 through 11 after tumor implantation, and the brains obtained on days 14 and 21 were stained with anti-CD31 to determine tumor vascularity. Figure  6 shows representative CD31 staining results of brains from a control and a drug-treated animal (Fig. 6A) at day 14, together with semiquantitative CD31 scoring data (Fig. 6B ). Animals treated with fl avopiridol (n ϭ 4) had signifi cantly reduced CD31 scores in comparison with the controls (n ϭ 4) at day 14. The average CD31 score at day 14 for drug-treated animals was 1.75 Ϯ 0.5 compared with 2.75 Ϯ 0.5 in the control group (P Ͻ 0.03). Consistent with our published fi ndings on tumor volumes at day 21, the CD31 scores of tumors at day 21 in control and drug treatment groups (n ϭ 5/group) showed no signifi cant difference.
Discussion
Hypoxia is associated with resistance to cancer therapies (radiation and chemotherapy) (Brown and Giaccia, 1998; Shannon et al., 2003; Unruh et al., 2003) . In the absence of an adequate supply of O 2 , tumor cells upregulate the transcription factor HIF-1, together with a large number of hypoxia-inducible genes that allow the cells to rapidly adapt to their microenvironment facilitating their survival. One gene involved in this adaptive response is VEGF, a potent angiogenic factor associated with the aggressive growth of hypoxic tumors, particularly gliomas. To facilitate treatment of resistant tumors, an effective anticancer agent should target features associated with the unrestrained growth of tumor cells, such as their ability to sustain angiogenesis.
Here we demonstrate that fl avopiridol, a novel cyclindependent kinase inhibitor, rapidly downregulates hypoxia-mediated HIF-1␣ expression in U87MG and T98G cells in vitro, with an associated decrease in secretion of the angiogenic factor VEGF. These results provide a plausible mechanism for fl avopiridol's reported antiangiogenic activity in vivo (Kerr et al., 1999) . Surprisingly, in a recent screen of 2000 compounds in the National Cancer Institute chemical repository for drugs able to inhibit hypoxia-mediated induction of HIF-1␣, fl avopiridol was not among the compounds identifi ed (Rapisarda et al., 2002) . The potential to downregulate HIF-1␣ expression together with VEGF makes fl avopiridol an extremely attractive agent for gliomas that are highly angiogenic tumors and refractory to current therapies. We recently tested fl avopiridol in an experimental intracranial animal model of GL261 murine glioma . As a monotherapy, fl avopiridol showed a signifi cant inhibition of GL261 glioma tumor growth at day 14. Here we show that our in vitro results correlate with reduced vascularity of intracranial syngeneic GL261 gliomas from animals treated with fl avopiridol. Taken together, our data provide a strong rationale for the use of fl avopiridol in the treatment of human gliomas.
Gliomas are known for their typical infiltrating growth pattern into the brain adjacent to the tumor (Zagzag et al., 2000) . Glioma cell invasion has been attributed in part to secretion of proteolytic enzymes, MMPs, which promote localized degradation of ECM molecules to create a permissive environment for tumor cell invasion and migration. Upregulation of VEGF expression has been correlated with MMP expression in gliomas (Munaut et al., 2003) , and we and others have reported an association between HIF-1␣ expression and cell migration (Brat et al., 2004; Krishnamachary et al., 2003; Zagzag et al., 2000) . Here we show that fl avopiridol treatment of human U87MG and T98G glioma cells downregulated MMP-2 secretion and inhibited cell migration. Similarly, studies using human breast cancer cell lines treated with fl avopiridol showed decreased http://neuro-oncology.oxfordjournals.org/ secretion of MMP-2 and MMP-9, concomitant with inhibition of migration in Matrigel (BD Biosciences) invasion chambers (Li et al., 2000) . In addition, human kidney cells treated with flavopiridol downregulated expression of MMP-9 that was associated with inactivation of nuclear factor-B (NF-B) (Takada and Aggarwal, 2004) . Because NF-B regulates expression of genes such as VEGF and MMPs, and fl avopiridol is known to suppress NF-B activation, one mechanism for fl avopiridol inhibition of MMP secretion, together with decreased migration, may be through modulation of NF-B activity (Takada and Aggarwal, 2004) .
Proteasome inhibitors result in increased levels of many cellular proteins normally targeted for destruction via the proteasome degradation pathway (Voorhees et al., 2003) . For example, treatment of U87MG and T98G cells with the proteasome inhibitor lactacystin promoted the rapid accumulation of p53, MDM2, and the cell cycle regulator p27 KIP1 within 6 h (Kitagawa et al., 1999) . Previously, we showed that fl avopiridol treatment of the U87MG and T98G cells promoted the rapid downregulation of the same proteins and that this was due to decreased levels of mRNA and not associated with changes in the half-life of the proteins (Alonso et al., 2003) . In the studies performed here, we showed that upregulation of HIF-1␣ expression by the proteasome inhibitor MG-262 could be prevented by fl avopiridol treatment. This result indicated that fl avopiridol did not target HIF-1␣ to the proteasome degradation pathway. Because fl avopiridol plays a major role in the regulation of gene transcription (Blagosklonny, 2004; Chao and Price, 2001; de Azevedo et al., 2002; Gojo et al., 2002) , we tested the effect of fl avopiridol on HIF-1␣ mRNA. We found that hypoxia-mediated upregulation of HIF-1␣ mRNA levels was inhibited with fl avopiridol treatment. Thus, the mechanism by which fl avopiridol downregulates HIF-1␣ expression is associated with inhibition of HIF-1␣ gene transcription. This observation has implications for combination treatments of proteasome inhibitors with fl avopiridol as a novel anticancer therapy. The selective and potent proteasome inhibitor bortezomib (formerly PS-341) has proven effective as an anticancer agent in a wide variety of preclinical studies (Adams et al., 1999; Nawrocki et al., 2004; Voorhees et al., 2003) . Recent studies have shown that bortezomib given in combination with standard cytotoxic drugs, such as camptothecin CPT-11, doxorubicin, and melphalan, can overcome resistance of several cell lines to radiation and chemotherapy treatments (Voorhees et al., 2003) . More importantly, bortezomib used in combination with fl avopiridol was able to potentiate the induction of apoptosis in human leukemia cell lines, in part by disrupting the NF-B pathway (Dai et al., 2003) . An increased level of NF-B occurs in many human cancers, and its expression becomes activated in response to chemotherapy and radiation treatments, contributing to tumor resistance (Orlowski and Baldwin, 2002) . Thus, the NF-B transcription factor has been considered as a chemotherapeutic target for inhibition in order to increase response of tumors to various cancer treatments. Most recently, proteasome inhibitors were shown to block activation of NF-B activity, suggesting that they could be used to advantage as adjuvants in chemotherapy (Tergaonkar et al., 2003) . Here we show that flavopiridol downregulates HIF-1␣ expression in the presence of a proteasome inhibitor, an agent that normally results in the accumulation and overexpression of HIF-1␣. The potential to downregulate HIF-1␣ expression with fl avopiridol treatment in combination with proteasome inhibitors, such as bortezomib, make this an extremely attractive anticancer treatment strategy for tumors with high angiogenic activity, such as gliomas.
